Short-term adult fi sh reproductive tests using freshwater species have demonstrated negative impacts on egg production in fi sh exposed to complex pulp and paper mill effl uents. In an effort to address the ability of laboratory tests to predict effects on wild fi sh, mummichog (Fundulus heteroclitus) were exposed in saltwater conditions for 21 days to 3 and 30% fi nal effl uent of a neutral sulfi te semichemical pulp mill that discharges into an estuarine environment in eastern Canada. Although no effects on gonad size, liver size, or condition factor were found, egg production was signifi cantly increased by 31% and decreased by 30% when fi sh were exposed to 3 and 30% fi nal effl uent, respectively. This study i) is the fi rst to demonstrate a decrease in egg production when fi sh are exposed to complex effl uents under estuarine conditions and ii) provides the fi rst linkage of effects on gonad size in wild fi sh to egg production from laboratory testing in the same species. In so doing, this study also demonstrates the utility of egg production measurements to further investigate the causes and solutions to the effects of mill effl uents in both freshwater and marine wild fi sh.
Introduction
Endocrine disruption has been widely documented in fi sh exposed to complex effl uents, such as municipal sewage (Jobling et al. 2002) , pulp and paper mill effl uents , and runoff from agricultural operations (Orlando et al. 2004 ). There has been special focus on the effect of effl uents on the reproductive endocrine system because it is hypothesized that impacts on this system could result in effects on population status (Tyler et al. 1998) . A recent whole-lake experiment demonstrated the near collapse of a fathead minnow (Pimephales promelas) population when exposed to environmentally-relevant levels of 17α-ethynylestradiol (EE 2 ), a potent estrogenic compound commonly used in oral contraceptives (Kidd et al. 2007 ).
Fish exposed to pulp mill effl uents in freshwater and marine fi eld conditions, including artifi cial stream systems, exhibit altered reproductive performance, including reduced gonad size , delayed maturation , male-biased sex ratios (Larsson et al. 2000; Örn et al. 2006) , masculinized females (Toft et al. 2004) , reduced development of secondary sexual characteristics (McMaster et al. 1991) , and depressed steroid hormone levels (reviewed in McMaster el al. 2006 and Hewitt et al. 2008) .
Laboratory studies are used to study the effect of pulp mill effl uent for several reasons: i) as an alternative to fi eld studies due to complex or hazardous receiving environments (Dubé et al. 2002; Bosker et al. 2009a) , ii) to investigate the mechanistic background of the effects observed in the fi eld (Van Der Kraak et al. 1992) , and iii) as a tool to identify the source of contaminant effects within the mill (Dubé and MacLatchy 2000) . The effect of effl uents on egg production can be measured in laboratory tests, and can be linked to populationlevel responses (Miller and Ankley 2004) . Studies using fathead minnow exposed to pulp mill effl uent (Parrott et al. 2004; Kovacs et al. 2005; Rickwood et al. 2006; van den Heuvel et al. 2010) and Japanese medaka (Oryzias latipes) exposed to sewage effl uent (Ma et al. 2005) have been successfully used to identify potential negative impacts of complex effl uents on egg production. Exposure of fi sh to model compounds under marine conditions have demonstrated negative impacts on egg production; exposure of mummichog (Fundulus heteroclitus) to EE 2 (Peters et al. 2007 ) and sheepshead minnow (Cyprinodon variegatus) to 17 β-trembolone (Hemmer et al. 2008 ) resulted in sharp decreases in egg production. The only published short-term reproductive test in which mummichog were exposed to bleached kraft mill effl uent under estuarine conditions showed an increase in egg production at low concentrations of fi nal effl uent (Melvin et al. 2009 ). To our knowledge there has never been an adult fi sh reproductive test done under estuarine (brackish) conditions that has demonstrated signifi cant reductions in egg production resulting from exposure to complex effl uents.
In Cycle 4 (2001 to 2004) of the Canadian Environmental Effects Monitoring (EEM) program, mummichog exposed in the 1% effl uent plume of a neutral sulfi te semichemical pulp mill located in New Brunswick, Canada had a 44% decrease in male gonad size (AMEC 2007) , which is suggestive of the national average response pattern of metabolic disruption observed in wild fi sh below mills in Cycles 2 and 3 of the EEM Program (Lowell et al. 2005) . The goal of the present study was to determine whether effects on egg production could be detected with the adult mummichog reproductive test using a complex effl uent with confi rmed effects in the fi eld.
Materials and Methods

Fish Holding
The mummichog is an abundant saltwater minnow found in estuaries along the Atlantic coast of North America from Newfoundland (Canada) to Florida (U.S.A.) (Scott and Crossman 1998). It is used as an environmentally relevant species to study toxicological, genetic, and physiological effects of anthropogenic inputs to saltwater and estuarine environments (Burnett et al. 2007 ). Shortterm tests that measure endocrine and reproductive responses have been developed for mummichog (MacLatchy et al. , 2005 Peters et al. 2007; Bosker et al. 2009a Bosker et al. , 2009b . Adult mummichog were collected using minnow traps at a reference site (Saints Rest, Saint John, N.B., Canada; 46º20'N, 64º40'W) in the fall of 2008. Fish were acclimated to laboratory conditions at the University of New Brunswick, Saint John, N.B. Fish were held at 16‰ salinity (fi ltered Bay of Fundy sea water and dechlorinated City of Saint John water) at ambient temperatures and natural photoperiod in fi ltered fi breglass circular tanks with dissolved oxygen at >80%. The fi sh were fed crushed commercial trout pellets (Corey Feed Mills, Fredericton, N.B.) ad libitum every day. Mortalities were minimal in the stock tanks (<5%).
Mill Description
The mill selected for this study is located 6.5 km from St. George, N.B., and produces corrugated paper. It utilizes a neutral sulfi te semichemical pulping process and uses 90% hardwood and 10% poplar furnishes. In 2008, the mill produced 512 air dry tonnes (ADT)/d of fi nished medium, using 30% recycled fi bres. On a daily basis, about 14,400 m 3 of biotreated fi nal mill effl uent is discharged into the L'Etang estuary which drains into the Bay of Fundy. The effl uent is treated in a primary clarifi er, followed by an equalization basin, anaerobic reactors, an activated sludge system, and fi nally a secondary gravity clarifi er. Effl uent was collected twice a week, transported to the exposure location (approximately 40 minutes from collection location), and stored in open aerated containers until use.
Fish Exposures
Fish exposures were carried out in June and July of 2009 and consisted of preexposure and exposure phases. For the preexposure phase, mummichog (three fi sh per sex per tank) were randomly allocated to 48 20-L aquaria. Fish were exposed to fi nal effl uent at two concentrations: 3% (vol/vol; environmentally relevant) and 30% (vol/ vol; tenfold environmentally relevant). Flow rates were constant at two tank turnovers per day. Fish were held in 16‰ saline water at 20C under a summer photoperiod (16 h:8 h light:dark) at >80% dissolved oxygen. Within each aquarium, a mesh screen made from 3.175-mm plastic mesh (Aquatic Ecosystems, Apopka, Fla., U.S.A.) was placed above the bottom to prevent the fi sh from eating released eggs. For a period of 14 d during preexposure, eggs were collected twice a week and weighed. These data were used for tank selection based on preset selection criteria (Bosker et al. 2009b) . At the end of the 14-d preexposure phase, 24 tanks were selected. The a priori power at the start of the experiment was 85% to detect a difference of >25%. Fish were randomly distributed over the following treatments: i) 3% fi nal treated effl uent (Final 3%: the assumed environmentallyrelevant concentration); ii) 30% fi nal treated effl uent (Final 30%); and iii) control water (Control). Each treatment had eight tanks per treatment and three fi sh per sex per tank.
Salt (Crystal Sea, CS 150BA Bioassay Laboratory Mixture, Baltimore, Md., U.S.A.) was added to the effl uent to reach a salinity of 16‰. Experimental fi sh were placed in clean tanks, and remaining fi sh were returned to the stock tanks. Fish were exposed for 21 d and fl ow rates were constant at two turnovers per day (using the same system as previously described). The effl uent was delivered through a serial diluter dosing system (Experimental Solutions, Fredericton, N.B.) .
To determine the effect of effl uent on fi sh reproduction, eggs were collected twice a week and weighed (excess water was absorbed by using a paper tissue) for a period of 21 d (a total of 6 egg collections per tank over the 21-d exposure period). Egg data are therefore reported as grams of eggs produced per female. In order to determine whether the average wet weight per egg changed over time among treatments, 50 eggs were randomly selected per tank and weighed once a week. Tanks were checked daily for mortalities; egg production per female was adjusted from the day a mortality was observed. Determining egg production by weight (grams of eggs per female) is strongly correlated to egg production by counting (number of eggs per female), with an R 2 > 0.98 (Bosker, unpublished data) . Therefore, egg production measured in weight of eggs per female can be directly compared with the number of eggs per female.
In the week leading up to the new moon, at day 21 of the exposure (day 35 of experiment; July 13, 2009), adult fi sh were sampled. Fish were anaesthetized using buffered 0.05% tricaine methane sulfonate (Syndel Laboratories, Vancouver, B.C.). Fish were sacrifi ced by spinal severance, and measured for weight (±0.01 g), total length (±mm), and gonad weight and liver weight (±0.001 g). Calculations were made of gonad weight relative to body weight (expressed as gonadal somatic index [GSI: 100 × gonad weight/body weight]) and liver weight relative to body weight (expressed as liver somatic index [LSI: 100 × liver weight/body weight]), and total body weight relative to body length (expressed as condition factor; [CF: 100 × body weight/standard length 3 ]).
Effl uent Chemistry
Final mill effl uents collected each week for fi sh exposures were subsampled for chemical assessments to obtain estimates in the variations of effl uent quality during the course of the 21-d exposures. Samples were collected in glass bottles directly from effl uent shipping totes when they arrived from the mill. Samples for chemical evaluations were then immediately shipped to Burlington, Ontario overnight in coolers packed with ice for processing. Upon reception in Burlington, effl uents were immediately divided and subsampled according to their respective analyses. Time from initial effl uent sampling to laboratory analyses was not more than 4 d. Dissolved inorganic carbon / dissolved organic carbon, major ions (Na, K, Cl), colour, total metals, and nutrients analyses were conducted according to protocols at Environment 
Statistics
Statistical analyses were conducted using Statistica 9.0 (SPSS, Chicago, Ill. U.S.A.), with α set at 0.05 and all data reported as the mean ± the standard error of mean (SEM). Data were checked for outliers using Dixon's outlier test. Log 10 transformations were applied to all data. Assumptions of normality and homogeneity of variance were checked using Shapiro-Wilk's W-test and Levene's test, respectively. When analyses of covariance (ANCOVAs) were used, homogeneity of slopes was checked prior to running the analyses. ANCOVAs were used to analyze gonad and liver weight relative to body weight, and body weight relative to body length across treatments (fi sh as replicates). Nested analyses of variance (ANOVAs) were used when comparing body length and weight (fi sh nested in tanks). To determine whether there was an effect of treatment on average egg weight over time, a repeated measures ANOVA was used. To determine whether there was a difference in the cumulative weight of eggs produced per female among treatments, the total cumulative weight of eggs produced per female at day 14 of the preexposure and day 21 of the exposure were analyzed using an ANOVA (tanks as replicates), followed by a Tukey's HSD test. To determine at which time-point during the exposure the signifi cant differences among the treatments could be detected, cumulative weight of eggs produced per female during the exposure phase was analyzed using a repeated measures ANOVA; if a signifi cant interaction of time and treatment was detected, data was further analyzed by individual ANOVAs per day, followed by a Tukey's HSD test. Power analyses were done using PS Power and Sample Size Calculations, which are freely available online (VanderBilt University 2009), with α set at 0.05.
Results
During the course of the study, fi sh mortalities were minimal; there were two female mortalities in both the control and Final 30% treatment, and three male mortalities in the Final 30% treatment. Effl uent chemistry data are presented in Table 1 . Most parameters measured were within typical values of fi nal mill effl uents, however there were some notably high values that included BOD and colour, particularly when compared with kraft mill effl uent . The relatively high colour measurements would be expected due to the anaerobic/ aerobic sequence during effl uent biotreatment (Milestone et al. 2004) . Of the suite of 26 metals monitored, all had mean concentrations <7 mg/L, with the exception of barium and manganese, the concentrations of which compare closely with a recently completed 6-month study following bleached kraft mill effl uent .
In female mummichog there were no signifi cant interactions of slopes of gonad size and liver size relative to body weight and condition factor, and no tank effects in any of the endpoints. There were no signifi cant differences for females among treatments in length (nested ANOVA: F 2,21 = 0.24, p = 0.21), weight (nested ANOVA: F 2,21 = 0.18, p = 0.16), gonad weight (ANCOVA: F 2,64 = 0.61, p = 0.55), liver weight (ANCOVA: F 2,64 = 0.19, p = 0.83), and condition (F 2,64 = 1.34, p = 0.27) ( Table 2) . In males there were no signifi cant tank effects for any of the treatments. No signifi cant differences were found for males among treatments in length (nested ANOVA: Table 2) . A signifi cant interaction in slopes was found in male condition factor (F 2,63 = 4.48, p = 0.015) (Table 2) ; therefore, the analyses could not be continued.
There were no signifi cant changes in egg weight over time (repeated measures ANOVA: F 2,42 = 2.26, p = 0.12), among treatments (repeated measures ANOVA: F 2,21 = 0.19, p = 0.83), or among treatments over time (repeated measures ANOVA: F 4,42 = 2.07, p = 0.10) ( Table 3 ). There were no signifi cant differences in egg production in the preexposure phase (ANOVA: F 2,21 = 0.49, p = 0.62) (Fig. 1) . There was a signifi cant effect on cumulative egg production at the end of the exposure phase (ANOVA: F 2,21 = 0.48, p < 0.001) (Fig. 1 ). There were signifi cantly more eggs produced in fi sh exposed to Final 3% compared with Control (Tukey's HSD: p = 0.015 ) and Final 30% (Tukey's HSD: p < 0.001) (Fig.  1A, B) . Signifi cantly less eggs were produced in Final 30% compared with Control (Tukey's HSD: p = 0.003) (Fig. 1) . There was a signifi cant interaction between time and treatment interaction (repeated measures ANOVA: F 10,105 = 5.88, p < 0.001) for cumulative egg production in the exposure phase (Fig. 2) ; the signifi cant increase of egg production in Final 3% could be detected from day 11 of exposure onwards (ANOVA: F 2,21 = 5.87, p = 0.009), while the signifi cant decrease in egg production in Final 30% relative to the control was statistically signifi cant at day 21 of the exposure (ANOVA, F 2,21 = 19.28, p < 0.001) (Fig. 2) . Fig. 1 . Effect of fi nal effl uent of a sulfi te semichemical pulp mill on A) the cumulative weight of eggs spawned (grams of eggs/ female ± SEM), and B) the average weight of eggs produced (grams of eggs/female ± SEM) in mummichog (Fundulus heteroclitus) exposed to control water (C), 3% fi nal effl uent (F3) and 30 % fi nal effl uent (F30) during both the preexposure (14 d) and exposure (21 d) phases. Different letters indicate significant differences within the preexposure and exposure phases (ANOVA followed by a Tukey's HSD test, p < 0.05).
(A) (B) Fig. 2 . Cumulative weight of eggs spawned (in grams per female ± SEM) throughout the exposure phase. A repeated measures ANOVA was performed to determine whether there was a signifi cant interaction between time and treatment; this was followed by separate ANOVAs for each day individually to determine at which time-point signifi cant differences among treatments were detected. Different letters indicate signifi cant differences among treatments within day (ANOVA followed by a Tukey's HSD test, p < 0.05).
Discussion
This is the fi rst study in which fi sh exposed to a complex effl uent under estuarine conditions has shown a signifi cant decrease in egg production, measured as cumulative weight of eggs produced per female. The observed pattern was bimodal, with increased egg production at the low concentration and decreased egg production at the high concentration. Similar signifi cant patterns have been observed when fi sh are exposed to model compounds, including fathead minnow (Pawlowski et al. 2004 ) and Japanese medaka (Tilton et al. 2005) exposed to EE 2 . The bimodal pattern has also been observed in freshwater studies with three different species exposed to Canadian bleached kraft mill effl uent . This pattern could indicate hormesis, a fundamental dose response pattern in biological research (Calabrese 2008 ). However, a study design with an increased number of concentrations is needed to confi rm this. More research is needed on the implications of this pattern and the effects on fi sh reproduction after longer-term exposure.
Following 21-d exposures to any of the effl uent concentrations, there was an absence of response in gonad size relative to body weight. This endpoint showed a strong response in the EEM Cycle 4 fi eld study (AMEC 2007) and has been observed as a national average response pattern in fi sh exposed to mill effl uents (Lowell et al. 2005) . The lack of a decrease in gonad size in tests of this time duration is a common occurrence in adult fi sh reproductive tests of multiple species. Reductions in egg production without signifi cantly affecting gonad size has been observed in fathead minnow exposed to effl uent from a multiprocess mill (Kovacs et al. 2005) , in mummichog (Peters et al. 2007) and Chinese rare minnow (Gobiocypris rarus) (Zha et al. 2008) exposed to EE 2 , and in Java medaka (Oryzias javanicus) exposed to estrone (Imai et al. 2007) . Although there are studies in which both endpoints are affected (e.g., Pawlowski et al. 2004; Ma et al. 2005) , meta-analyses are needed to determine whether egg production is a more sensitive endpoint than reductions in gonad size. This study did demonstrate, for the fi rst time, that a mill effl uent capable of affecting gonad size in wild mummichog also affects egg production in an adult mummichog reproduction test. Whether the two effects are more than associative is not clear at present. However, egg production appears to be a sensitive indicator of the potential of mill effl uents to affect fi sh reproduction ).
The decrease in egg production in Final 30% could be detected on the last day of exposure (Fig. 2) . This confi rms a previous study in which it was demonstrated that variation in egg production was highest in the initial 14 days of exposure, and that a duration of 14 to 28 days is needed to minimize variance and optimize the power to detect differences of >25% (Bosker et al. 2009b) . A study on bleached kraft mill effl uent using mummichog showed an increase in egg production after 7 d of exposure (Melvin et al. 2009 ). Finding an optimal duration for exposures depends on the sensitivity of the species and/or the endpoint used as well as the potency of the effl uent. A shortened fathead minnow test has been developed and successfully applied to pulp mill effl uents when the effl uent being studied is potent (Kovacs et al. 2007 ). For initial screening of effl uents, an experimental setup with high replication and long duration is most effective to detect more subtle differences in effl uent quality (Bosker et al. 2009b) ; if the effl uent proves to be potent, a shortened experimental setup can be used in subsequent studies.
In conclusion, this study is the fi rst to describe a signifi cant decrease in egg production when fi sh are exposed to complex effl uents under estuarine conditions. It is also the fi rst study to demonstrate that egg production in a short-term laboratory test is reduced when wild fi sh of the same species exhibit reduced gonad size. This study further strengthens the potential to use the mummichog short-term adult reproductive test to test complex effl uents under environmentally-relevant estuarine conditions. Future research will be focused on investigation of cause studies (Hewitt et al. 2003) at this mill to determine the source of the reproductive-active contaminants.
